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The Period 2 (Per2) gene is a key molecular component in controlling mammalian circadian rhythms at the
levels of gene expression, physiology, and pathogenesis. Although many immune parameters, such as the
number of different subtypes of circulating immune cells and the level of cytokine production in response to
infection with bacteria and viruses, have been well documented to display a circadian pattern in mammals, the
basic features of molecular clock components in the immune system and the role of clock genes in regulating
host immune defenses remain uncharacterized. Previously, we have reported that circadian clock genes
oscillate in human mononuclear cells. Here we report that Per2-deficient mice were more resistant to lipo-
polysaccharide (LPS)-induced endotoxic shock than control wild-type mice. We further demonstrate that the
levels of the proinflammatory cytokines gamma interferon (IFN-�) and interleukin-1� (IL-1�) in the serum
were dramatically decreased in Per2�/� mice following LPS challenge, while production of tumor necrosis
factor alpha, IL-6, and IL-10 was approximately normal, compared to that in control wild-type mice. Flow
cytometric analyses confirmed that the cellularity of most of the immune cell subsets in the spleens of
LPS-challenged mice was normal and that the impaired IFN-� production in Per2�/� mice was attributable to
defective NK and NKT cell function. Our data suggest that Per2 is an important regulator of NK cell function,
therefore providing the first direct link between the circadian clock system and innate immune responses.

Circadian rhythms are daily oscillations of multiple biologi-
cal processes driven by endogenous clocks. The master circa-
dian clock in mammals resides in the suprachiasmatic nucleus
(SCN) of the anterior hypothalamus. The endogenous clock is
further distinguished by its ability to be entrained to a new
day/night regimen by environmental cues such as light and
temperature cycles (13, 27, 29). It was originally thought that
the mammalian circadian clock system was hierarchically or-
ganized; however, while the SCN is a master circadian clock
tissue, generating self-sustained circadian oscillators which de-
termine the pace and amplitude of the expression of the cir-
cadian clock genes in peripheral tissues through neuronal and
hormonal signals, these peripheral clocks in turn control the
output of circadian physiology and behavior. However, the
details of how the SCN�s signaling pathway controls the pe-
ripheral clock still remain to be elucidated.

Circadian rhythms are known to influence the immune re-
sponse of mammals through their effects on the circulation of
the blood as related to diurnal sleeping/waking and activity
cycles. Born and coworkers (6) demonstrated that in humans,

blood cell compartmentalization, such as with peripheral cell
counts of neutrophils, T-lymphocyte subsets, B lymphocytes,
monocytes, and natural killer (NK) cells, displays a circadian
fluctuation across the day. The peak of each subtype of cells in
peripheral blood varies with time. The numbers of monocytes,
B cells, and T cells reach maximum value during the sleep
phase, whereas neutrophils, NK cells, and activated T cells
peak during the waking phase. Generally, these phenomena
have been attributed to neuroendocrine circuits involving hor-
monal mediators, such as cortisol, melatonin, and insulin-like
growth factor. A similar oscillation has also been observed in
rodents (14, 26). Thus, the circadian immunological param-
eters which affect activity in both humans and rodents are
well conserved under baseline physiological conditions, in-
dicating parallel clock control mechanisms for the human
and mouse immune systems. Due to the absence of an ap-
propriate model with which to examine circadian immuno-
regulation directly, the molecular mechanism(s) of action
has not been determined.

The molecular apparatus governing circadian rhythms has
been elucidated to comprise a transcription-translation feed-
back loop involving more than 12 genes, including Period2
(Per2) (1, 21, 28). The generation of the mutant mouse strain
rendered deficient in Per2 (Per2�/�) (35) provides an ideal
experimental model to elucidate the specific characteristics of
molecular clock components in the immune system and to
directly analyze the role of Per2 in immune regulatory function.
Employing this animal model, we carried out a series of ex-
periments designed to analyze the role of Per2 in immune
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functioning at the molecular and cellular levels. Our studies
demonstrated that Per2 plays an important role in immune
host response by modulating gamma interferon (IFN-�) pro-
duction in NK cells and interleukin-1� (IL-1�) production
from macrophages and another unidentified cell type(s), there-
fore providing the first evidence for interaction between the
clock and the immune system.

MATERIALS AND METHODS

Mice. Per2�/� mice and age- and sex-matched wild-type control mice were
housed to adapt to a cycle of 12 h of light and 12 h of dark for at least 2 weeks
prior to the start of experimentation. The room was maintained at 23 � 2°C and
a constant humidity and was equipped with a white-noise generator (91-dB
speaker power level; Lafayette Instruments, Lafayette, IN) to mask environmen-
tal sounds. All mice were housed in cages with filter tops in a laminar-flow hood
and fed food and acid water ad libitum at Weill Medical College of Cornell
University Animal Facilities, in accordance with the accepted principles of ani-
mal care (25a).

Endotoxic shock. Mice were injected intraperitoneally (i.p.) with Escherichia
coli lipopolysaccharide (LPS; 25 mg/kg of body weight; Sigma-Aldrich, St. Louis,
Missouri). Mice in the survival study were monitored with the help of a mouse
survival score (20) taken every 2 h up to 96 h after LPS injection. Score 1 was
given to mice with percolated fur but no detectable behavior differences from
untreated control mice, score 2 was assigned to mice with percolated fur and a
huddle reflex but which responded to stimuli (such as a tap on their cage) and
were just as active on handling as untreated control mice, score 3 was given to
mice that exhibited a slower response to a tap on the cage and that were passive
or docile when handled but still curious when alone in a new setting, score 4 was
assigned to mice that exhibited lack of curiosity and little or no response to
stimuli and that were quite immobile, score 5 was given to mice that had labored
breathing and were unable or slow to right themselves after being rolled onto
their backs (moribund), and score 6 was assigned to mice that died.

ELISA. Sera were derived from the peripheral blood of wild-type and knock-
out mice at indicated times (see Fig. 2) after LPS (25 mg/kg) i.p. injection and
stored at �20°C. Mouse cytokines, such as IFN-�, IL-1�, IL-6, tumor necrosis
factor alpha (TNF-�), IL-12 p70, and IL-10, were detected using 100 �l of
derived serum from each mouse with the OPT-EIA enzyme-linked immunosor-
bent assay (ELISA) kit (BD Biosciences) according to the manufacturer’s in-
structions. Concentrations were calculated by regression analysis of a standard
curve.

Cells. To obtain splenocytes for fluorescence-assisted cell sorting (FACS)
analysis, the spleens were ground and filtered to make a single-cell suspension,
and then the red blood cells were lysed with ammonium chloride for 5 min. The
single-cell suspension of splenocytes was used for FACS analysis. To obtain

adherent splenocytes, the spleens were ground and filtered to make a single-cell
suspension, and then the red blood cells were lysed. The splenocytes were plated
in 100-mm tissue culture dishes for 2 h to deplete the nonadherent cells. The
adherent cells were treated with LPS (1 �g/ml) for different times.

Monoclonal antibodies and reagents. We used the rat anti-mouse monoclonal
antibodies IFN-�–phycoerythrin (PE) (XMG1.2), CD49b/Pan-NK–fluorescein
isothiocyanate (FITC) (DX5), CD45R/B220-FITC, F4/80-Alexa Fluor 488, ham-
ster anti-mouse CD11C–PE (HL3), hamster anti-mouse CD3e–PE-Cy5 (145-
2C11), and purified mouse anti-mouse–CD16/CD32. Immunoglobulin isotype
controls used were rat immunoglobulin G1 (IgG1) (R3-34)-PE, rat IgG2a-Alexa
Fluor 488, and rat IgM-FITC (R4-22). FACS lysing solution and FACS perme-
abilizing solution 2 were obtained from BD Pharmingen (San Diego, CA).

Cell surface antigen and intracellular cytokine staining. We used 1 	 106

splenocytes for each staining. For cell surface staining, cells were first blocked
with 1 �g of anti-mouse CD16/32 and then stained on ice with optimal amounts
of conjugated antibodies (0.1 �g to 0.5 �g/106 cells) diluted in staining medium
(phosphate-buffered saline, 3% bovine serum albumin, 0.05% azide) for 30 min
in the dark. The cells were washed twice with 2 ml of staining medium and spun
at 400 	 g at 4°C for 5 min. They were fixed with 1 ml of 1	 FACS lysing solution
for 10 min at room temperature and washed once. The cells were permeabilized
using 500 �l of 1	 permeabilizing solution 2 for 10 min at room temperature.
The cells were then incubated with PE-conjugated rat anti-mouse IFN-� or rat
IgG1 isotype control for 30 min on ice in the dark. Cells were washed twice for
10 min at 4°C and were resuspended in 0.5 ml phosphate-buffered saline–3%
bovine serum albumin–0.05% azide. Flow cytometric analysis was performed
within 16 h. Stained splenocyte samples were analyzed with a FACSCalibur
(Becton Dickinson, Palo Alto, CA), and 50,000 events were acquired.

Statistical analysis. The standard deviation of the mean is shown unless
otherwise indicated. Differences in survival between wild-type and Per2�/� mice
after LPS challenge were determined by Kaplan-Meier analysis. Analysis of
variance (ANOVA) was used for multigroup comparisons, followed by Tukey’s
multiple-comparison test if ANOVA showed a significant difference.

RESULTS

Deficiency in Per2 renders mice resistant to endotoxic
shock. To determine if the clock gene Per2 plays a role in host
response to bacterial challenge, a septic-shock mouse model
was used. We conducted a study to examine the kinetics of the
acute-phase inflammatory response in Per2�/� mice and nor-
mal control mice challenged with LPS at different times
throughout the day. Animals were evaluated, by assigning a
mouse survival score, for septic shock in the ensuing 96 h.
Symptoms of sepsis, characterized by shock and difficulty in

FIG. 1. Survival of wild-type and Per2�/� mice injected with LPS. (A) Ten mice per group of each strain were kept under a cycle of 12 h of
dark and 12 h of light for 2 weeks and were challenged with 25 mg/kg of LPS at 9 a.m., 2 p.m., 9 p.m., or 2 a.m. The mice were observed every
2 h continuously for up to 96 h, at which point the rate of survival was calculated. All surviving mice eventually recovered from shock induced by
LPS injection. (B) Kinetics of LPS-induced shock/death in wild-type mice and Per2�/� mice following LPS injection at 2 p.m. Survival rates were
calculated based on results for 10 mice per strain 48 h after LPS injection.
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breathing, in all mice were observed at 4 h after the injection.
The wild-type mice had a survival rate of 70% or 80% when
given LPS at 9 a.m. or 2 a.m., respectively, in contrast to a 40%
survival rate at 2 p.m. and 9 p.m. (Fig. 1A), clearly showing a
well-defined circadian rhythm. The observed sickness score for
Per2�/� mice was less severe overall than that for the control
mice. These mice were globally more resistant to LPS-induced
death, with survival rates of 80 to 95% at all times, showing a
lack of circadian rhythm (Fig. 1A). In a separate, kinetic ex-
periment to determine the time course of pathological devel-
opment and shock-induced death, wild-type and Per2�/� mice
were injected with LPS at 2 p.m., which is the time wild-type
mice exhibited the greatest susceptibility. Wild-type mice
started to display the lethal response around 20 h after the LPS
injection, and by 50 h, all wild-type mice had died of shock,
while all Per2�/� mice survived (Fig. 1B).

These data demonstrate that there is a circadian clock in-
fluence on host resistance to LPS-induced inflammatory death,

called LPS-induced susceptibility rhythm, and that this rhythm
is disrupted in Per2�/� mice but not in Per1�/� mice (data not
shown), rendering the former much less susceptible to endo-
toxin-induced death.

Dramatically reduced levels of the proinflammatory cyto-
kines IFN-� and IL-1� in LPS-treated Per2�/� mice. Given
the overall resistance of Per2�/� mice to LPS-induced death,
unlike wild-type mice, we were interested in understanding the
differences in the effector mechanisms underlying these differ-
ential responses. We postulated that there might be specific
differences in the levels of production of proinflammatory cy-
tokines that are well-defined mediators of LPS responses. We
examined a number of proinflammatory cytokines that are
well-known mediators of LPS-induced septic shock: TNF-�,
IFN-�, IL-1�, IL-6, IL-10, and IL-12 in LPS-treated wild-type
and Per2�/� mice. At the indicated time points (Fig. 2),
following LPS challenge, mice were sacrificed, peripheral
blood was collected, and the plasma levels of the cytokines

FIG. 2. Serum cytokine levels after LPS injection in vivo. Wild-type (WT) and Per2�/� mice were injected i.p. with 25 mg/kg LPS. Five mice
were sacrificed at each time point (1, 3, 6, and 12 h) after LPS challenge, and serum cytokine levels were measured from 100 �l serum by ELISA.
ANOVA was used for multigroup comparisons, followed by Tukey’s multiple-comparison test if ANOVA showed a significant difference. T, time
(in hours).
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of interest were determined by ELISA. The levels of IFN-�
(Fig. 2A) and IL-1� (Fig. 2B) were dramatically lower at 6 h
and 3 h, respectively, in Per2�/� mice than in wild-type mice,
whereas IL-6 (Fig. 2C), IL-10 (Fig. 2E), and TNF-� (Fig.
2F) levels were not significantly different between the two
strains. The IL-12 level was higher at 6 h in Per2�/� mice
than in wild-type mice (Fig. 2D).

Analysis of immune subsets and their IFN-�-production in
LPS-challenged mice. The striking differences in IFN-� and
IL-1� production between wild-type and Per2�/� mice
prompted us to investigate further the underlying mechanisms.
IFN-� production in an innate immune response is primarily
rendered by NK cells following stimulation by microbial infec-
tion. The dramatically lower IFN-� production in Per2�/� mice
could be due either to lower numbers of NK cells or to func-
tional defects of NK cells. To discern between these possibil-
ities, we analyzed the profiles of immune subsets in the spleens
of wild-type and Per2�/� mice following LPS challenge. As
shown in Table 1, most of the cellular subsets examined
showed no major differences between wild-type and Per2�/�

mice after LPS challenge, except for some minor differences in
T and B lymphocytes and dendritic cells. There was no notable
difference in the numbers of NK and NKT cells in non-LPS-
challenged and LPS-challenged mice, suggesting that NK and
NKT cell numbers are not the basis of the low levels of IFN-�
in LPS-challenged Per2�/� mice.

Next, we analyzed the capacity of each of the immune cell
subsets to produce IFN-� following in vivo LPS challenge by
using intracellular staining and flow cytometry (Fig. 3). In
wild-type mice, the largest IFN-�� fractions were produced
from CD3�, non-F4/80�, and DX5� (NK and NKT) cells. In
Per2�/� mouse spleens, it was very clear that DX5� cells were
highly defective in IFN-� production at the time of LPS injec-
tion. The numbers of IFN-�� CD3� cells were very similar
between Per2�/� mice and control mice, while the number of
IFN-�� CD3� cells was much lower in Per2�/� mice than in
control mice, again indicating that most IFN-�� cells were
non-CD3� cells. Similarly, most F4/80� cells produced little
IFN-�, while most IFN-�� cells were nonmacrophages.

Taken together, these data demonstrate that Per2�/� NK

and NKT cells, although apparently normal in cellularity, are
highly defective in IFN-� production.

DISCUSSION

Because the role of Per2 in the circadian clock regulatory
loop is well understood at the central nervous system level (25,
33), the Per2�/� mouse model provides an excellent system for
investigating the putative role of the clock gene in immune
function occurring in peripheral tissues responding to condi-
tional stress. The purpose of our study was to characterize the
immune circadian clock and its role in innate immunity and
host defense and to understand the mechanisms that underlie
the interaction between the clock system and the immune
apparatus.

Circadian rhythms are known to influence the immune re-
sponse through their effects on the circulation of the blood as
related to diurnal sleeping/waking and activity cycles (6). Gen-
erally these phenomena have been attributed to neuroendo-
crine circuits involving hormonal mediators, such as cortisol,
melatonin, and insulin-like growth factor (8, 19, 22). Due to
the absence of an appropriate model with which to examine
circadian immunoregulation directly, the molecular mecha-
nism(s) of action has not been determined. We have now
developed an experimental model to examine the specific char-
acteristics of the molecular clock function(s) in the immune
system in mice genetically rendered deficient in the Per2 gene.
Previous and current studies from others and us indicate that
(i) the circadian clock machinery operates specifically in im-
mune tissues, such as the spleen and peripheral blood mono-
nuclear cells, in both humans and mice; (ii) the oscillation of
circadian clock genes is disrupted in Per2�/� mice; (iii) as
revealed by Halberg et al. (17), normal mice display a circadian
rhythm in their response to LPS-induced shock and death and
this rhythm is lost in Per2�/� mice, which are also generally
resistant to endotoxic shock; and (iv) reduced production of
IFN-� by NK and NKT cells is likely to be a critical part of the
underlying mechanism in the resistance to LPS-induced death
in Per2�/� mice, which appear to develop normal immune cell
subset numbers.

There were two reasons why we used only the Per2�/� ho-
mozygous mutant mice in our experiment: (i) heterozygous
Per2 mutant mice did not show any phenotypic defect in cir-
cadian physiology, indicating that there is no gene-dosage ef-
fect, and (ii) the focus of our study was on the causative
relationship between circadian defect and innate immune re-
sponse. In fact, we also examined Per1�/� mice (Per1 is the
prototypical member of the Per family, which is composed of
three members) (34). The result was that Per1�/� mice did not
exhibit any defects in response to LPS challenge (data not
shown). These results demonstrate that Per2 plays a unique
role in the regulation of innate immune function.

LPS is the principal activating signal in the pathogenesis
of endotoxic shock. Endotoxic shock is a severe systemic
inflammatory response triggered by the interaction of LPS
with host cells, in particular with monocytes and macro-
phages (3). This interaction leads to the acute-phase re-
sponse and a progressive release of cytokines and other
inflammatory mediators, including IL-1, IL-6, TNF-�, IL-12,
IFN-�, and nitric oxide (NO) (9, 31). Plasma endotoxin

TABLE 1. FACS analysis of the cellular compositions of Per2�/�

mouse and control mouse spleensa

Cell type

Mean cell composition � SD (%) in:

Wild-type mice Per2�/� mice

Unchallenged LPS
challenged Unchallenged LPS

challenged

T lymphocytes 34.6 � 0.6 25.7 � 2.5 29.1 � 2.5* 27.3 � 0.7
B lymphocytes 53.6 � 0.4 62.5 � 1.0 53.1 � 1.0 53.4 � 1.3**
NK cells 2.8 � 0.6 1.7 � 0.3 2.7 � 0.3 1.8 � 0.2
NKT cells 1.0 � 0.2 1.0 � 0.1 1.2 � 0.2 1.3 � 0.1
Macrophages 4.4 � 1.2 6.5 � 1.4 6.2 � 1.3 6.7 � 1.4
Dendritic cells 1.5 � 0.1 2.8 � 0.4 2.0 � 0.3 2.7 � 0.2

a Mice were challenged with LPS (25 mg/kg of body weight, intraperitoneally),
and their spleens were harvested 6 h after the LPS injection. Splenocytes were
subjected to FACS analysis as described in Materials and Methods. Three to
eight mice of each strain were examined. ANOVA was used for multigroup
comparison, followed by Tukey’s multiple-comparison test if ANOVA showed a
significant difference. Cell subsets that showed significant differences between
wild-type and Per2�/� mice are in boldface. *, P 
 0.05; **, P 
 0.01.
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levels are well correlated with clinical septic shock, acute
respiratory distress syndrome, renal failure, multiple organ
system failure, and death (18, 24, 30). The circadian feature
of endotoxin in response to the LPS challenge indicates that
the clock system may play an important role in immune
function and host immune defense, though the mechanisms

of how the clock system interacts with the immune system
remain to be further characterized.

It is well documented that NK cells are critical components
of the innate immune system, and they have been implicated in
the pathogenesis of septic shock (4, 11, 32). NK cell-deficient
mutant mice are more resistant to Streptococcus pyogenes-in-

FIG. 3. Characterization of IFN-�-producing cells in the spleen after LPS challenge. Mice were challenged with LPS (25 mg/kg of body weight
i.p.), and their spleens were harvested 6 h after LPS injection. The amounts of IFN-� produced by DX5� cells (NK and NKT cells), CD3� cells
(T cells) and F4/80� cells (macrophages) were determined by flow cytometry. The plots shown are representative of eight mice from each strain.
The data represent results from one of three experiments with similar results.
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duced septic shock (16). In addition, depletion of NK cells
leads to increased survival times and a slower development of
disease that correlates with lower levels of circulating IFN-�, as
well as IL-12 and IL-6, suggesting that NK cells contribute to
the amplification of the acute-phase response. In our study,
IFN-� and IL-1� exhibited expression patterns closely corre-
lated with the relative susceptibility of wild-type mice to the
lethal effects of systemic LPS; i.e., its serum expression was
higher in animals given LPS at 2 p.m. than at 9 a.m. (data not
shown), showing a circadian rhythm-dependent response that
correlated positively with a higher mortality rate (Fig. 1A).
Moreover, the production of IFN-� in splenic NK/NKT cells
was higher in wild-type mice than in Per2�/� mice given LPS at
9 a.m. or 2 p.m. (data not shown), again associated with higher
lethality in wild-type mice. Thus, expression of IFN-� in NK
cells in response to LPS challenge in vivo is under the control
of Per2 and is circadian rhythm dependent. The finding in this
study is supported by the recent study of Arjona and Sarkar
(2), who have reported the existence of circadian clock gene
expression in the NK cells of the rat.

The basis for reduced IL-1� expression in response to LPS
is clearly of relevance given the role of this cytokine in acute
inflammatory responses. IL-1� is produced mainly by macro-
phages and the vascular endothelium in response to systemic
endotoxin challenge. The FACS analysis indicated that the
numbers of macrophages in the spleens of wild-type mice and
Per2�/� mice before and after LPS challenge did not signifi-
cantly differ (Table 1). To determine if the LPS response of
splenic macrophages was affected by the Per2 deficiency, we
treated the adherent splenocytes with LPS and collected the
supernatant of the cells at several time points for IL-1� mea-
surement by ELISA. The data showed that LPS-induced IL-1�
production was decreased in Per2�/� mice by �30% compared
to that in the wild-type control (data not shown), which cannot
entirely account for the �95% decrease in serum IL-1� level in
LPS-challenged Per2�/� mice (Fig. 2B). Thus, we reason that
the Per2-deficient vascular endothelium, rather than mono-
cytes/macrophages, may be the major cell source of IL-1�
impairment in response to systemic endotoxin (5, 7, 12).

Recently it has been reported that Per2�/� mice are also
prone to � radiation-induced cancer, with a marked increase in
tumor development and reduced apoptosis in thymocytes. This
has been attributed to the role of Per2 in the regulation of the
cell cycle, apoptosis, and DNA damage repair. Since both NK
cells and IFN-� have been shown to play critical roles in ef-
fector function against tumor metastasis (10), we surmise that
impaired NK/NKT cell function and decreased IFN-� produc-
tion in Per2�/� mice may contribute to their greater suscepti-
bility to tumorigenesis (15).

Understanding the nature of the circadian clock in the im-
mune system and its role in immune regulation is critical for
the advancement of our knowledge of immune function which
can be used to benefit therapeutic efforts. Because cytokines
that are produced by lymphocytes and macrophages are potent
mediators of immune responses and the levels of individual
cytokines can determine immune effector mechanisms, under-
standing immune-circadian clock control of specific immune
mechanisms may have important clinical applications, such as
optimization of the treatment of patients with septic shock,
autoimmune diseases, and hematological diseases. As the tox-

icity and the antitumor efficiency of many traditional cytotoxic
drugs in cancer therapy vary significantly with the time of day
of drug administration (23), analysis of the circadian organi-
zation of physiological immune function not only might pro-
vide a better insight into the immune system in general, but
also might offer a reduction in bone marrow toxicity and an
increased intensity and improved efficiency of cytotoxic drugs
for cancer patients.
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